Methanol/water and acetonitrile/water mixtures have generally been used as a mobile phase in reversedphase liquid chromatography (RP-LC). Chromatographic separations are significantly affected by the mobile-phase conditions, such as the type and composition of the organic modifiers. A number of studies have been made on the influence of the mobile-phase conditions on the retention behavior in RP-LC in connection with the specification of the separation mechanism and with the establishment of optimization strategies for chromatographic conditions.
Methanol/water and acetonitrile/water mixtures have generally been used as a mobile phase in reversedphase liquid chromatography (RP-LC). Chromatographic separations are significantly affected by the mobile-phase conditions, such as the type and composition of the organic modifiers. A number of studies have been made on the influence of the mobile-phase conditions on the retention behavior in RP-LC in connection with the specification of the separation mechanism and with the establishment of optimization strategies for chromatographic conditions.
It is also essential to analyze the chromatographic processes from the viewpoints of mass-transfer kinetics and the thermodynamic properties as well as the retention behavior in order to understand the separation mechanism in RP-LC. However, there have not been very many kinetic studies on mass-transfer phenomena in RP packing materials [1] [2] [3] [4] , in contrast to the extremely extensive studies on chromatographic retention. The authors have studied mass-transfer phenomena in RP-LC using mainly methanol/water and octadecylsilyl (ODS)-silica gel as mobile and stationary phases. [5] [6] [7] [8] Pulse-response experiments were made under various conditions of the solutes as well as the stationary and mobile phases. Their type, composition, and concentration were changed. Some items of information about the retention behavior, mass-transfer rates, and thermodynamic properties in RP-LC were obtained.
This paper is concerned with the influence of the type of organic modifiers in the mobile phases on the chromatographic properties in RP-LC. The information about the retention behavior, mass-transfer rates, and thermodynamic properties were determined by using a mixture of acetonitrile and water (70/30, v/v) and an ODS-silica gel as a mobile and stationary phase. In a previous paper 9 , the authors reported on results of a similar study using alkylbenzenes and p-alkylphenols as solutes. In this study, the characteristics of the RP-LC system were analyzed in more detail using more solutes than before. In particular, it was attempted to correlate the surface diffusion coefficient (D s ) with various physical parameters of the solutes. The results in 70 vol% acetonitrile were compared with those in 70 vol% methanol. On the basis of the results, a few estimation procedures of D s have been proposed. In this paper, the mass-transfer and concentration phenomena of solutes from a bulk mobile phase to the surface of ODS-silica gel is represented by the word "adsorption" in a wide sense. The mechanism of the mass transfer, i.e., "partition or adsorption", is not defined.
Experimental

Column and reagents
Several properties of an ODS column (YMC) and the experimental conditions are given in Table 1 . An ODS column packed with relatively large ODS-silica gel particles was used in order to make it easy to quantitatively analyze the influence of the mass-transfer rates on the peak spreading. The volumetric composition of acetonitrile was 70%, which was selected as a typical value of mobile-phase composition. Several organics listed in Table 2 were used as solutes. As an inert sub-stance, uracil was used.
Apparatus and procedure
Pulse-response experiments were made with varying temperature and the flow rate of the mobile phase by using HPLC equipment. Details concerning the experiments and moment analyses 10, 11 of the peaks were described in previous papers.
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Data analysis
Analyses of the first absolute moment (m 1 ) and the second central moment (m 2 ¢) of the peaks provide information about the retention behavior and mass-transfer rates in a column. Some corrections were made in order to estimate D s from m 2 ¢. The influence of the corrections on the conclusions of this study is considered.
The values of m 1 and m 2 ¢ are usually calculated from the position and the width of the peaks by assuming that they can be represented by the normal distribution curve. Chromatographic peaks, however, frequently show somewhat tailing profiles. Accurate estimations of m 1 and m 2 ¢ may be difficult under such conditions. On the basis of an exponentially modified Gaussian model, Foley and Dorsey 12 proposed some equations for calculating the chromatographic figures of merit for ideal and skewed peaks. The values of m 1 and m 2 ¢ of the peaks were calculated by applying the following equations:
where t G and s G are the center of gravity and the standard deviation of the original Gaussian component, respectively, t is the time constant of the exponential decay, W 0.1 and B/A are the peak width and an empirical asymmetry factor at 10% of the peak height, respectively, and t R is the retention time. The value of B/A represents the ratio of the peak width in the rear part of a peak to that in the front part. The experimental retention time (t R,exp ) includes the effects of the volume (V e ) in the pipes between the injection port and the column, and that between the column and the detector. The retention time was obtained by correcting the effect of the extra-column volume as follows:
where n is the volumetric flow rate. The contribution of an extra-column volume to m 2 ¢ was measured by the pulse-response method without a column, and then corrected. The effects of m 1 and m 2 ¢ of the pulses introduced at the inlet of the column were neglected because the size of the pulses was extremely small. The influence of skewed profiles of chromatographic peaks on the results of the moment analysis was eliminated.
The intraparticle diffusivity (D e ) and the axial dispersion coefficient (E z ) were determined from m 2 ¢ by subtracting the contribution of the fluid-to-particle mass transfer to the peak spreading. An uncertainty in the estimation of the fluid-to-particle mass-transfer coefficient (k f ) influences the results of the second moment analysis. The value of k f was estimated by the Wilson-Geankoplis equation. 13 For example, k f for benzene at 298 K was calculated to be 0.034 cm s -1 under the conditions that the superficial velocity of 70 vol% acetonitrile was 0.12 cm s -1 . According to the equation proposed by Kataoka et al. 14 , another value of k f was obtained as 0.026 cm s -1 under the same conditions. The resulting value of D s calculated by taking k f as 0.026 cm s -1 was 7.2´10 -6 cm 2 s -1 . Compared with the original value of D s , i.e., 5.8´10 -6 cm 2 s -1 , both values were of the same order of magnitude. It is concluded that the results of this study may not be significantly changed by a variation in the estimated value of k f .
Intraparticle diffusion was assumed to consist of pore and surface diffusions. The contribution of the pore diffusivity (D p ) to D e was corrected when D s was calculated from D e . The value of D p was calculated from the molecular diffusivity (D m ), porosity (e p ), and tortuosity factor (k) of the pores based on the parallel-pore model. 15 The accuracy in the estimation of D m influences the determination of D s . In this study, D m in acetonitrile/water mixtures was estimated by the PerkinsGeankoplis, Scheibel, and Hayduk-Laudie equations, because the association coefficient in the Wilke-Chang equation was not reported for acetonitrile. 16 The value of D m estimated using the above equations was compared with that by the Wilke-Chang equation. 16 The value of D m for benzene in 70 vol% methanol was calculated to be 9. 
Results and Discussion
First moment analysis
The adsorption equilibrium constant (K) was determined from m 1 . According to the van't Hoff equation, ln K is plotted against 1/T in Fig. 1 ,
where Q st is the isosteric heat of adsorption, R g the gas constant, and T the temperature. The resulting values of -Q st , listed in Table 2 indicate that the adsorption processes of the solutes are accompanied by a reduction of the entropy. A further accumulation of experimental data is required for a quantitative analysis of the magnitude of the entropy reduction.
The correlations of K with the hydrocarbonaceous surface area (A) of the solutes are illustrated in Fig. 2 . The value of A was calculated by summing the surfacearea increments of each group in a molecule. 17 Figure 2 shows two linear relations between ln K and A according to the type of solutes. The slope of the straight lines was analyzed by applying solvophobic theory. In the theory 18, 19 , adsorption phenomena in the liquid phase was analyzed based on the assumption that the 363 ANALYTICAL SCIENCES APRIL 1998, VOL. 14 Keys: refer to Table 2 . 
Second moment analysis
The value of m 2 ¢ consists of several contributions of mass-transfer processes in a column, i.e., axial dispersion, fluid-to-particle mass transfer, and intraparticle diffusion. Table 3 shows the contributions of the processes to m 2 ¢. The contributions of the axial dispersion (d ax ), fluid-to-particle mass transfer (d f ), and intraparticle diffusion (d d ) range over 30 -40%, 20 -30%, and 35 -45%, respectively. It was confirmed that the contributions of the three rate processes to the peak spreading were of the same order of magnitude in RP-LC when the size of the ODS-silica gel particles was relatively large.
The contributions of D p and D s to D e are compared in 
From the slope of the linear plots in Fig. 3 This correlation is consistent with the results concerning Q st and DA/A in both mobile phases. These results suggest that the interaction between solutes and the ODS-silica gel is weaker in 70 vol% acetonitrile than in 70 vol% methanol.
As shown in Table 2 , E s was larger than -Q st in 70 vol% acetonitrile. Similar experimental results have been reported for surface diffusion phenomena in liquid phase adsorption. 5, 7, 8, [20] [21] [22] [23] Under such conditions, it is energetically advantageous for adsorbed molecules to be desorbed from a surface to a bulk phase than to migrate on the surface, suggesting that surface diffusion phenomena are absent. In previous papers 5, 20 the authors attempted to quantitatively explain the situation by applying solvophobic theory, that the results were partially attributed to the influence of a solvent on the liquid phase adsorption. The correlations between E s and Q st listed in Table 2 are connected with the thermodynamic properties of the surface diffusion. In previous papers 24, 25 the authors proposed a restricted molecular diffusion model for surface diffusion, and formulated the model based on the absolute rate theory. A consistent interpretation was demonstrated for the thermodynamic properties of E s and Q st and for the temperature dependence of D s by applying the model.
Correlation of D s and the molar volume at the normal boiling point
An attempt was made to correlate D s with some properties of the solutes in order to obtain a better understanding of the surface diffusion mechanism, and to develop an estimation procedure of D s . The experimental data of D s in 70 vol% acetonitrile were compared with those in 70 vol% methanol.
Chen and Chen 26 proposed an empirical equation for estimating the tracer diffusivity in a binary system involving long-chain hydrocarbons,
where D is the diffusivity, h the viscosity, and V b the molar volume at the normal boiling point. Figure 4 illustrates D a,sv (estimation value), that is, a diffusivity of a solute in octadecane at 298 K calculated by Eq. (9) . Similar values of D a,sv were obtained on the basis of another estimation method. 27 According to Eq. (9), the experimentally observed D s (experimental value) is also plotted against V b -1/3 in Fig. 4 . The difference 365 ANALYTICAL SCIENCES APRIL 1998, VOL. 14 between D a,sv and D s suggests that the influence of several factors, such as the tortuosity factor of a surface, the restricted mobility and solvation of bonded ODS ligands on D s , must be taken into account in order to elucidate the mechanism of surface migration. An almost linear relationship, however, was obtained empirically. For example, the correlation at 298 K was expressed by ln D s =20. 
The above equation corresponds to the conventional Arrhenius form. By analyzing the slope of the linear correlations in Fig. 5 , it is indicated that E s is about 0.25-times (-Q st ). This result is consistent with the ratio E s /(-Q st ), experimentally determined in gas phase adsorption using ODS-silica gel particles 29 , i.e., 0.3 -0.6. It is concluded by analyzing the correlation between ln D s and T b /T that E s is essentially smaller than (-Q st ) in RP-LC as well as gaseous systems. Figure 5 also represents the correlations between ln D s and T b /T in 70 vol% methanol. Almost parallel and linear correlations were observed at 298 K, suggesting that the ratio of E s /(-Q st ) was also smaller than unity in both mobile-phase systems. Only the experimental plots for naphthalene deviated from the corresponding linear lines. Figure 6 shows the correlation between E s and D s0 . The experimental data in 70 vol% acetonitrile scattered around a straight line, which could be expressed by ln D s0 =0.37E s -11.9.
Enthalpy-entropy compensation effect
It was indicated that an enthalpy-entropy compensation effect was established. retention behavior in RP-LC. The compensation temperature ranged from about 500 to 700 K. [30] [31] [32] The enthalpy-entropy compensation effect was also confirmed for surface diffusion phenomena on the ODSsilica gel. Figure 6 also illustrates the correlation between D s0 and E s for the solutes in RP-LC using 70 vol% methanol. Although the experimental plots for each solute in both mobile-phase systems do not correspond to each other, Fig. 6 shows a similarity in the correlation between D s0 and E s on the whole. This result may lead to the conclusion that the mechanism of surface diffusion is essentially similar in both RP-LC systems. Figure 7 shows the correlation between ln D s and ln K for the solutes in the ODS-silica gel and 70 vol% acetonitrile system. For example, the following equation was obtained at 298 K:
Linear free-energy relation
The establishment of a linear free-energy relation was confirmed. Figure 7 also shows the correlations between ln D s and ln K for the solutes in 70 vol% methanol. Different lines were observed for alkylbenzenes (ABs) and polyaromatic hydrocarbons (PAHs). A different correlation between the homologies seemed to be connected with that in Fig. 5 . The cause of the difference in the correlations has not been evident.
A similar tendency between ln D s and ln K was observed in both mobile-phase systems. The slope of the linear correlations in Fig. 7 is equal to the ratio E s /(-Q st ). It is indicated that the ratio of E s to (-Q st ) in RP-LC ranges from about 0.6 to 0.7. This result is consistent with the experimental data in a gaseous system 29 and with the results obtained by analyzing the relationship between ln D s and the ratio T b /T in Fig. 5 . Mitani et al. 33 also reported linear correlations between ln D s and a Henry constant in various gaseous adsorption systems. The ratio E s /(-Q st ) was about 0.3 to 1.0. In this study, it was concluded by analyzing the correlations between ln D s and ln K and between ln D s and T b /T that E s was smaller than (-Q st ) in RP-LC.
It was confirmed that the linear free-energy relation held in RP-LC irrespective of the type of the organic modifiers. According to the correlations, D s can be calculated from K estimated or experimentally measured. On the basis of the results of extensive studies concerning the retention behavior in RP-LC, K can be either theoretically or empirically estimated. The results given in Fig. 7 make it possible to apply the results of conventional studies concerning the retention behavior to an estimation of D s in RP-LC. The value of D s can also be estimated from the physical properties of the solutes, i.e., V b or T b , which can be determined from either experiments or calculation methods. From one datum of D s determined in these manners, D s at a given temperature can be calculated by considering the enthalpy-entropy compensation effect. These procedures are probably available in practice.
